We demonstrate an omnidirectional laser from a 3-D Bragg microcavity, which is fabricated from a cholesteric liquid crystal that is doped with reactive mesogen. The wavelength of the laser is found to be determined by the position of the photonic bandgap that was formed within the 3-D Bragg microcavity. Compared with the laser from pure cholesteric liquid crystal microcavity, a rigid polymer network is formed within the microcavity due to the doped reactive mesogen. The polymer network successfully enhances the resistance ability of the 3-D Bragg microcavity to higher pump power by 1.5 times, thus leading to a more stable laser based on it. This laser may have potential use in optics, displays, and other photonic devices.
Introduction
Cholesteric liquid crystals (CLCs) have attracted considerable research interests for developing various photonic devices such as electrically switchable light shutters [1] - [4] , dynamic Bragg gratings [5] , bi-stable reflective display devices [6] , broad-band polarizers [7] , and microcavity lasers [8] - [10] . The CLC molecules have a helical structure in which the director is twisted uniformly in space as a function of position along the helical axis, perpendicular to the director. The periodic variation of the refractive index generates a photonic band-gap (PBG) [7] , which is sensitive to external stimulus such as mechanical stress [11] , optical radiation [12] , electric field [13] , magnetic field, [14] and temperature [15] .
An omnidirectional laser has been realized by dispersing CLC droplets with glycerol, where a 3-D Bragg optical microcavity can be formed [16] . This point-like, coherent, and omnidirectional lasing is another promising candidate for telecommunications, sensing, biomedical engineering, and display applications [16] . However, the 3-D Bragg cavity formed by pure CLC is quite easily deformed or even destroyed under high pump energy. Therefore, the real application of such an omnidirectional laser is seriously hindered by poor stability when high pump energy used. If the stability of the 3-D microcavity can be increased, the laser could resist higher pumping power without structure deformation. One possible solution is to add polymer materials.
Reactive mesogen (RM), which is a sort of polymerizable liquid crystal, is of significant interest for a wide range of applications including blue phase template 3-D microcavity [17] , engineering of retarders [18] , and one-dimensional optical cavity [19] , [20] . By doping RM into CLC to form 3-D microcavity, the stability of lasing could be largely increased through the formation of rigid polymer network under ultraviolet (UV) illumination.
In this paper, we report the fabrication of 3-D Bragg microcavity based on cholesteric liquid crystal and reactive mesogen. An omnidirectional laser is demonstrated and the wavelength of laser is determined by the position of photonic bandgap that formed within the 3-D Bragg microcavity. Comparing with that laser from pure CLC microcavity, a rigid polymer network is formed within the microcavity due to the doped RM. The polymer network enhances the resistance ability of the 3-D Bragg microcavity to higher pump power, thus leads to a more stable laser based on it.
Experimental Details
The mixture used in our experiment consists of cholesteric liquid crystals (72.15 wt%), RM (25.42 wt%), photo-initiator (1.43 wt%, Darocur1173 Sigma-Aldrich), and laser dye pyrromethene 597 (1 wt%, PM597, Exciton). The cholesteric liquid crystal was prepared by adding high twisting power chiral dopant R5011 (3.09 wt%, HCCH) into nematic liquid crystal E7 (96.91 wt%, n e ¼ 1:71 and n o ¼ 1:52, HCCH). The RM was mixed by five materials: RM257, RM82, RM006, RM021, and RM010 (all from Shijiazhuang Sdyano Fine Chemical Co., Ltd), at 30 : 15 : 20 : 20 : 15 weight ratio [21] .
Then, the CLC/RM mixture was dispersed in glycerol. The weight ratio of CLC/RM mixture and glycerol was 4:96. Preparation of microcavities was conducted with a magnetic stirrer at a rotation speed of 800 rpm and rotation time of 10 minutes. Next, the microcavities in glycerol were injected by capillary action into a LC cell with gap of 150 m, and then illuminated by an UV light (UVEC-4II, LOTS) for 15 min at power density of 15 mW/cm 2 , as the sample A. For comparison purpose, microcavities based on pure CLC were prepared by similar process using laser dye PM597 doped CLC and glycerol with weight ratio of 4:96, as sample B. Fig. 1 (a) depicts the schematic configuration of 3-D Bragg microcavity from sample A (CLC/ RM and glycerol) before polymerization. In glycerol, the CLC microcavities were formed naturally due to the surface tension between CLC and glycerol, where the surface tension intended to reduce the amount of surface for a given volume [16] . In CLC microcavities, the optical axis of liquid crystal molecules (white rods) twisted with a fixed angle between two adjacent molecules, resulting in a spiral pile structure perpendicular to the surface of microcavity. Therefore, the self-assembled 3-D Bragg microcavity with alternating high and low refractive index was formed. Fig. 1(b) demonstrates the optical image of 3-D CLC Bragg microcavity obtained under polarizing optical microscope (POM) before polymerization. The petal-like image indicates the periodic modulation of refractive index of 3-D microcavity, where several rings formed due to the spatial variation of the refractive index of in the radial direction. The radius of observed CLC microcavity is 16:5 m.
After UV illumination, the RM monomers were polymerized within the 3-D Bragg microcavity. A simple illustration of the 3-D Bragg microcavity after polymerization is demonstrated in Fig. 1(c) . The polymers (represented by the red part) adhere and strengthen the helical structure of CLC microcavity. A photograph of the CLC microcavity after polymerization obtained between crossed polarizers is presented in Fig. 1(d) . Comparison with Fig. 1(b) , the optical image of microcavity changes slightly. The radius of microcavity becomes smaller after polymerization (from 16.5 m to 14.8 m), which is probably due to the volume shrinkage resulting from the reaction of polymerization and cross linking [22] . In addition, the blue-shift of PBG in reflectance spectrum (see Fig. 3 ) indicates the pitch within microcavity also becomes shorter.
To generate laser, a Q-switched Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser with wavelength of 532 nm was used to pump the microcavity. The pulse width, repetition rate and pulse energy of Nd:YAG laser were 10 ns, 10 Hz and 40 J=pulse, respectively. A pump laser beam with diameter (D) of 6 mm (through an aperture) was focused by an objective (LMH-20X-532, Thorlabs) with focal length ðf Þ of 5 mm. The beam waist ðw Þ at the focal point was calculated by w ¼ =sin ¼ 0:9 m, where is the wavelength of the pump laser and sin D=ð2f Þ ¼ 0:6. A fiber-optical spectrometer (USB2000+, Ocean optics) was used to capture the spectrum of emission laser. The optical setup for lasing is shown in Fig. 2(a) . Fig. 2(b) shows a fluorescence image observed by optical microscope, where the bright spot in center represents the center of CLC microcavity [16] . Fig. 3(a) and (b) plots the reflectance and fluorescence emission of 3D CLC Bragg microcavity in sample A before and after polymerization, respectively. From Fig. 3(a) , we can see that the PBG is located from 630 nm to 702 nm with center of 668 nm. The pump energy is 40 J=pulse.
Results and Discussions
The photoluminescence (PL) of laser dye PM597 (peaks at 582 nm) was not overlapped with both of long and short edges of PBG, marked in yellow regions. Therefore, no laser emission was generated in this case. After polymerization, the center of PBG blue-shifted from 668 nm to 564 nm. In Fig. 3(b) , the photoluminescence of laser dye PM597 PL wavelength was overlapped with the long edge of PBG in reflectance spectrum, thus generating microcavity laser at wavelength of 587 nm with full width at half maximum (FWHM) of 0.4 nm. The pump energy was 70 J=pulse.
For comparison purpose, we measured the emission spectrum and laser properties of sample B (where the 3-D Bragg microcavity was formed on pure CLC) and sample A, respectively. The radius of microcavities observed here is in range of 13.5∼16.5 m. From   Fig. 4(a) , we can see that, the lasing (peaked at 597 nm) intensity increases with the increase of pump energy up to 54 J=pulse, above which the laser emission vanishes. Therefore, the damage pump energy for sample B is only 54 J=pulse here. In Fig. 4(b) , the lasing (peaked at 587 nm) intensity increases with the increase of pump energy up to 80 J=pulse, which means the damage pump energy for sample A is increased up to 80 J=pulse and the capability of resistance to pump power is enhanced by ∼1.5 times, comparing to that of sample B. Therefore, by adding RM into CLC 3-D Bragg microcavity, the damage pump energy of obtained laser can be significantly increased and the capability of resistance to pump power can be largely enhanced as well. Fig. 4 (c) and (d) depicts the dependence of lasing intensity and FWHM versus pump energy for sample B and sample A, respectively. In Fig. 4(c) , the laser threshold of sample B is 3.7 J=pulse and the FWHM of the laser firstly reduces with the increasing pump energy to 0.4 nm and then increases when the pump energy exceeds 8 J=pulse. The results indicate that the stability of 3-D Bragg microcavity formed by pure CLC is quite poor. When RM is used, the poor stability of 3-D Bragg microcavity will be largely improved. In Fig. 4(d) , the laser threshold of sample A is increased to 8.3 J=pulse. Above the threshold, the output intensity of laser increases sharply with the increase of pump energy up to 60 J=pulse and then saturates when the pump energy increases further to 80 J=pulse. In Fig. 4(e) , the FWHM of sample B is 0.8 nm at pump energy of 40 J=pulse. In contrast, the FWHM of sample A is 0.6 nm at pump energy of 80 J=pulse, indicating a higher pump energy but a narrower FWHM. Therefore, the stability of lasing in sample A is much better than that in sample B. Fig. 4 (f) records the dependence of lasing intensity and FWHM versus exposing time for sample A. We can see that both of intensity and FWHM of lasing are stable with pump time of 30 min and pump energy of 80 J=pulse.
Above experimental results indicate that the 3D microcavity of the CLC doped with RM is more stable than microcavity formed by pure CLC. For laser based on CLC microcavity with RM, the resistance ability to high pump power is largely increased from 54 J=pulse to 80 J=pulse or 1.5 times. Even the drawback is the increased threshold: from 3.7 J=pulse to 8.3 J=pulse.
However, higher output intensity of laser is expected based on our proposed 3D Bragg microcavity, and this kind of omnidirectional laser with enhanced stability exhibits great application potentials in many optic and photonic fields.
Conclusion
In summary, we demonstrated an omnidirectional laser from 3-D Bragg microcavity based on reactive mesogen doped cholesteric liquid crystals in glycerol. The wavelength of lasing is determined by the position of photonic bandgap that formed within the 3-D Bragg microcavity. Comparing with that laser from pure CLC microcavity, a rigid polymer network is formed within the microcavity due to the doped RM. The polymer network significantly enhances the resistance ability of the 3-D Bragg microcavity to higher pump power by 1.5 times, thus leading to a more stable laser based on it. This laser may have potential use in optics, displays, and other photonic devices.
